Subgroup-VII-ethylene-response-factor (ERF-VII) transcription factors are involved in the regulation of hypoxic gene expression and regulated by proteasome-mediated proteolysis via the oxygen-dependent branch of the N-end-rule pathway. While research into ERF-VII mainly focused on their role to regulate anoxic gene expression, little is known on the impact of this oxygen-sensing system in regulating plant metabolism and growth. By comparing Arabidopsis (Arabidopsis thaliana) plants overexpressing N-end-rule-sensitive and insensitive forms of the ERF-VII-factor RAP2.12, we provide evidence that oxygen-dependent RAP2.12 stability regulates central metabolic processes to sustain growth, development, and anoxic resistance of plants. (1) Under normoxia, overexpression of N-end-rule-insensitive D13RAP2.12 led to increased activities of fermentative enzymes and increased accumulation of fermentation products, which were accompanied by decreased adenylate energy states and starch levels, and impaired plant growth and development, indicating a role of oxygen-regulated RAP2.12 degradation to prevent aerobic fermentation. (2) In D13RAP2.12-overexpressing plants, decreased carbohydrate reserves also led to a decrease in anoxic resistance, which was prevented by external Suc supply. (3) Overexpression of D13RAP2.12 led to decreased respiration rates, changes in the levels of tricarboxylic acid cycle intermediates, and accumulation of a large number of amino acids, including Ala and g-amino butyric acid, indicating a role of oxygen-regulated RAP2.12 abundance in controlling the flux-modus of the tricarboxylic acid cycle. (4) The increase in amino acids was accompanied by increased levels of immune-regulatory metabolites. These results show that oxygen-sensing, mediating RAP2.12 degradation is indispensable to optimize metabolic performance, plant growth, and development under both normoxic and hypoxic conditions.
Plants experience low oxygen concentrations in specific tissues during their development (Geigenberger 2003; Licausi et al., 2011a; Geigenberger 2014; van Dongen and Licausi 2015) and in response to decreased oxygen availability in their environment due to waterlogging and flooding (Voesenek and Bailey-Serres 2015) . Under these conditions, oxygen deprivation leads to the induction of a specific set of genes, which is involved in carbohydrate mobilization and fermentation to sustain substrate-level ATP production and promote hypoxic acclimation . Different members of subgroup VII ethylene-response factor (ERF) transcription factors have been identified to be involved in the regulation of hypoxic gene expression in Arabidopsis (Arabidopsis thaliana; Papdi et al., 2008; Hinz et al., 2010; Licausi et al., 2010 Licausi et al., , 2011b Gasch et al., 2016) . One of these members, RAP2.12, has been found to be regulated by intracellular relocalization and protein stability in response to low oxygen concentrations (Gibbs et al., 2011 , Licausi et al., 2011c Kosmacz et al., 2015) . Upon hypoxia, RAP2.12 moves from the plasma membrane into the nucleus to specifically activate the expression of anaerobic genes, such as PYRUVATE DECARBOXYLASE1 (PDC1) and ALCOHOL DEHYDROGENASE1 (ADH1) involved in ethanol fermentation, SUC SYNTHASE1 (SUS1) and SUS4 involved in carbohydrate degradation, and HEMOGLOBIN1 (HB1) involved most probably in scavenging of nitric oxide to promote conversion of NADH to NAD + (Licausi et al., 2011c) . In normoxia (21% v/v oxygen) and after reoxygenation, RAP2.12 is targeted to proteasome-mediated proteolysis via the oxygen-dependent branch of the N-end-rule pathway to down-regulate the hypoxic response (Licausi et al., 2011c , Kosmacz et al., 2015 . The presence of molecular oxygen leads to oxidation of the penultimate Cys in the N terminus of RAP2.12 by specific plant Cys oxidases, targeting RAP2.12 to proteasomal degradation and leading to its destabilization (Weits et al., 2014) . This is prevented in Arabidopsis plants overexpressing D13RAP2.12, which lacks the first 13 amino acids from the N terminus including the regulatory Cys and representing an N-end-rule-insensitive version of RAP2.12 (Licausi et al., 2011c) . RAP2.12 and Cys oxidases therefore act as an oxygen-sensing system in Arabidopsis plants, allowing expression of hypoxic genes to be strictly regulated in response to oxygen supply . When oxygen falls to concentrations below 10% (v/v), RAP2.12 is stabilized and relocated to the nucleus to induce hypoxic gene expression (Kosmacz et al., 2015) . This is fine-tuned by an antagonistic interplay between RAP2.12 and the trihelix transcription factor HYPOXIA RESPONSE ATTENUATOR1 enabling a flexible response to fluctuating hypoxia .
Transgenic studies have been used to investigate the role of RAP2.12 in hypoxic stress acclimation; however, the results were partly contradicting. While Arabidopsis lines overexpressing RAP2.12 showed increased survival of anoxic stress conditions, lines overexpressing the N-end-rule-insensitive D13RAP2.12 showed the opposite (Licausi et al., 2011c) . This is puzzling, because D13RAP2.12 overexpressors showed a constitutive hypoxic gene expression, which was stronger than the low-oxygen-inducible one in RAP2.12 lines (Licausi et al., 2011c) . Moreover, studies with N-end-rule knockout mutants such as deficient in arginyl-tRNA protein transferases (ate1ate2) and deficient in the ubiquitin ligase PROTEOLYSIS6 (prt6) showed that constitutive expression of RAP2.12 in the context of these mutants leads to increased anoxic survival rates (Gibbs et al., 2011) , which is contradicting the results of Licausi et al. (2011c) . Several options were suggested to explain the discrepancy between the studies, such as differences in the developmental stage and growth conditions such as the day/night cycle, air humidity, and the presence/ absence of Suc in the medium (Sasidharan and Mustroph, 2011; Bailey-Serres et al., 2012; Riber et al., 2015) . It remained unclear, however, how regulated and constitutive expression of RAP2.12 effect plant metabolism under normoxic and hypoxic conditions, and how this works out on low-oxygen tolerance of these plants.
In this work, we investigated the influence of oxygenregulated RAP2.12 stabilization on plant metabolism under normoxic and hypoxic conditions, and how this affects plant growth and survival of anoxic conditions. To do this, we analyzed Arabidopsis plants overexpressing either the N-end-rule-sensitive RAP2.12 or the N-end-rule-insensitive D13RAP2.12, which is not targeted to proteasome-mediated degradation in response to oxygen (Licausi et al., 2011c) . Under normoxic conditions, stabilization of RAP2.12 led to constitutive expression of hypoxic marker genes, increased activities of fermentative enzymes such as lactate dehydrogenase (LDH), PDC, ADH, and Ala aminotransferase (AlaAT), and accumulation of fermentation products such as lactate, ethanol, and Ala, resulting in decreased levels of starch and adenylate energy states. This was accompanied by decreased plant growth and developmental progression under normoxia and decreased survival after anoxia. In addition to this, stabilization of RAP2.12 also affected respiration rates, tricarboxylic acid (TCA) cycle intermediates, and amino acid levels, indicating a role of oxygen sensing mediated by RAP2.12 stabilization in controlling the flux-modus of the TCA cycle.
RESULTS

Overexpression of a Stabilized RAP2.12 Leads to Reduced Biomass and Delayed Developmental Progression under Normoxic Conditions
To investigate the effect of a constitutive expression of RAP2.12 on plant growth and development, 35S::D13RAP2.12 Arabidopsis plants growing for 5 weeks under normoxic conditions (21%) were analyzed in comparison to 35S::RAP2.12 and the wild type. Overexpression of the stabilized D13RAP2.12 led to a decrease in rosette size (Fig. 1A) , fresh-weight (Fig. 1B) , and development progression (Fig. 1C) , while plants overexpressing the oxygen-regulated RAP2.12 were similar to wild type. This confirms previous studies, showing decreased growth of 35S::D13RAP2.12 Arabidopsis plants under normoxic conditions (Licausi et al., 2011c) .
Overexpression of a Stabilized RAP2.12 Leads to Induced Expression of Anoxic Marker Genes and Fermentative Enzyme Activities under Normoxic Conditions
To investigate the effects on mRNA expression levels of anoxic marker genes, 5-week-old plants were exposed for 16 h to 21% or 1% (v/v) oxygen in the dark, before they were harvested for RT-PCR analyses (Fig.  2) . When plants were compared at normoxic conditions (21% v/v oxygen), 35S-driven expression of D13RAP2.12 resulted in elevated levels of ADH1, PDC1, HB1, SUS4, AlaAT1, and AlaAT2 transcripts, while those in 35S::RAP2.12 and wild-type plants were close to or below the detection limit (Fig. 2 , A and C), confirming previous studies (Licausi et al., 2011c) . Hypoxic treatment (1% v/v oxygen) led to a strong increase in ADH1, PDC1, HB1, SUS4, AlaAT1, and AlaAT2 transcript levels in wild-type and 35S:RAP2.12 plants (the increase being more marked in 35S::RAP2.12 than in the wild type), while there was no further increase upon hypoxic treatment in 35S::D13RAP2.12 plants (Fig. 2, B and D) .
To put these data into context, RAP2.12 expression levels were analyzed by using primers for RT-PCR that do not distinguish between RAP2.12 and D13RAP2.12. Compared to wild type, the 35S::RAP2.12 and 35S::D13RAP2.12 plants revealed strongly elevated levels of RAP2.12 mRNA under normoxic ( Fig.  2A ) and hypoxic conditions (Fig. 2B) . Intriguingly, under both conditions RAP2.12 mRNA levels were more strongly induced in 35S::RAP2.12 than in 35S::D13RAP2.12 lines.
To investigate whether the induction in the mRNA levels of anoxic genes is leading to corresponding increases in fermentative enzyme activities, we analyzed the activities of ADH, PDC, LDH, and AlaAT in samples taken in parallel. Under normoxic conditions, 35S::D13RAP2.12 plants showed strongly increased activities of ADH (Fig. 3A) , PDC (Fig. 3B) , LDH (Fig.  3C ), and AlaAT (Fig. 3D ), compared to 35S::RAP2.12 or (with the exception of AlaAT) wild-type plants. Hypoxic treatment led to increased activities of these enzymes also in wild-type and 35S::RAP2.12 plants, but the values remained below those reached by 35S::D13RAP2.12 plants (Fig. 3, A-D) . Figure 1 . Overexpression of the N-endrule-insensitive D13RAP2.12 transcription factor under the control of the 35S promoter leads to decreased growth and delayed development under normoxic conditions. A, Rosette size; B, fresh weight; C, development of 35S::D13RAP2.12 plants in comparison to 35S::RAP2.12 and the wild type (WT). Plants were grown for 4 weeks (A) or for the times indicated in the respective figures (B and C). Results in B and C are means 6 SE (n = 5-6 biological replicates for fresh weight determination or 18 for development analysis) with significant differences indicated by different letters (according to oneway ANOVA for fresh weight determination and two-way ANOVA for development analysis, P , 0.05). Developmental stages were determined according to the BBCH-scale (Hess et al., 1997) . FW, Fresh weight. Figure 2 . Overexpression of the N-endrule-insensitive D13RAP2.12 transcription factor under the control of the 35S promoter leads to constitutive expression of anoxic marker genes. After 16 h incubation in normoxia (A and C) or hypoxia (B and D) The above results demonstrate that under normoxic conditions, overexpression of the N-end-rule-insensitive D13RAP2.12 leads to increased expression of anaerobic proteins and increased activities of fermentative enzymes. To investigate whether this is accompanied by an induction of fermentation, we analyzed the levels of ethanol (Fig. 4A) , lactate, Ala, and g-amino butyrate (GABA; Fig. 5 ; Supplemental Table S1 ) as end-products of fermentative metabolism. Because ethanol is volatile, it is very difficult to measure in plant material of soilgrown plants. We therefore analyzed ethanol in a separate experiment using 1-week-old hydroponic seedlings, where ethanol could be easily measured in the solution in which seedlings were immersed. Under normoxic conditions, ethanol, lactate, Ala, and GABA were markedly increased in 35S::D13RAP2.12 plants, while 35S::RAP2.12 plants were similar to wild type (Figs. 4A and 5, B and C; Supplemental Table S1 ). Hypoxic treatment led to an increase in ethanol, lactate, Ala, and GABA levels also in 35S::RAP2.12 plants; however, the values obtained were not reaching those of 35S::D13RAP2.12 plants.
To investigate whether overexpression of D13RAP2.12 also affects respiration rates, oxygen consumption of leaf material from rosettes of 5-week-old normoxic plants was measured using oxygen electrodes in normoxic or hypoxic conditions in the dark. When respiration was measured under normoxic conditions, oxygen consumption rates were markedly lower in 35S::D13RAP2.12 plants than in 35S::RAP2.12 or wild-type plants, while 35S::RAP2.12 plants were similar to wild type (Fig. 4B ). Hypoxic conditions resulted in decreased oxygen consumption rates when compared to normoxia, dropping to similar levels in all three genotypes. Overall, these data show that overexpression of a deregulated RAP2.12 leads to an induction of ethanol, lactate, and Ala fermentation in normoxic plants, while respiration is inhibited. The results described above show that 35S::D13RAP2.12 overexpression leads to an induction of fermentation and an inhibition of respiration in normoxic plants. To investigate whether this is accompanied by changes in cellular energy states, ATP ( Fig. 6A ) and ADP levels ( ATP/ADP ratio dropped in all three genotypes, reaching lower levels in 35S::D13RAP2.12 than in 35S::RAP2.12 and wild-type plants.
In addition to ATP and ADP, the pyridine nucleotides NAD(P)H and NAD(P) + , were also analyzed; these are important cofactors of energy metabolism. As shown in Figure 6 , there were only minor changes in the levels of NADH (Fig. 6D 6G ) under normoxic conditions. Interestingly, hypoxic manipulation did not lead to any substantial increases of the NADH/NAD + ratio in all three genotypes, indicating that mechanisms to balance the NADH/NAD + redox state were still effective under these conditions (Fig. 6F) . Also the redox state of another redox couple, ascorbate/ dehydroascorbate, was analyzed, but no significant changes were observed across either genetic or lowoxygen manipulations ( Fig. 5A ; Supplemental Table S1 ).
Overexpression of a Stabilized RAP2.12 Causes Deep Effects on Metabolite Levels under Both Normoxic and Hypoxic Conditions
To investigate whether the impaired balance between respiration and fermentation caused by overexpression of a deregulated RAP2.12 leads to alterations in the levels of metabolites of central metabolic pathways, gas chromatography (GC)-mass spectrometry (MS)-based metabolite profiling was performed in 5-week-old plants. Figure 5 , A-C, and Supplemental Table S1 show marked changes in metabolite levels in 35S::D13RAP2.12 plants relative to 35S::RAP2.12 and wild-type plants under normoxic conditions. Several sugars, such as Glc, ribose, raffinose, melibiose, and maltose and the carbon storage reserve starch were decreased (Fig.  5A) , while glycolytic metabolites such as Fru-6-P and pyruvate were increased (Fig. 5B) , a scenario that is in line with increased fermentation rates under these conditions. Interestingly, there were also significant changes in the levels of intermediates of the TCA cycle, leading to increased levels of citrate and malate and an increased succinate/fumarate ratio (Fig. 5C ). These changes in TCA cycle intermediates have been found to be a characteristic response to hypoxic conditions in previous studies (Geigenberger et al., 2000; van Dongen et al., 2009; Narsai et al., 2011; António et al., 2016) , indicating an inhibition of succinate dehydrogenase (SDH; also known as complex II of the mitochondrial electron transport chain), bifurcation of the TCA cycle, and inhibition of respiration (Rocha et al., 2010; António et al., 2016.) . This was accompanied by a strong increase in the levels of many amino acids, such as Val, Ala, Ser, Thr, Met, Leu, Ile, Asp, Lys, Cyt, Pro, Orn, Glu, Gln, GABA, Arg, Phe, and Trp (Fig.  5 , B and C), a response that has also been found to be a characteristic of hypoxic conditions in the past Narsai et al., 2011; António et al., 2016) . Interestingly, there was also an increase in important metabolites deriving from amino acids, Figure 4 . Overexpression of the N-end-rule-insensitive D13RAP2.12 transcription factor under the control of the 35S promoter leads to increased ethanol production and decreased respiration rates under normoxic conditions. A, To analyze ethanol levels, seedlings were grown in liquid culture containing 1/2 MS medium and 30 mM Suc for 1 week under long-day conditions. After 10 h into the photoperiod, the medium was exchanged to 1/2 MS containing 90 mM Suc and the seedlings were subjected to normoxia or anoxia for further 16 h in the dark, before ethanol levels were measured. B, To analyze respiration rates, whole rosettes of 5-week-old plants were sampled at the end of the night and leaf material representing the whole rosette was introduced into the measuring chamber of an oxygen electrode to analyze oxygen consumption rates in normoxic or hypoxic conditions in the absence of external Suc in the dark. Results are means 6 SE (n = 25-35 different sets of plants for ethanol assay and seven biological replicates for respiration rates). Values of the different genotypes that significantly differ from each other are indicated by different letters (according to one-way ANOVA test, P , 0.05). WT, Wild type.
such as salicylic acid glucoside, picolinic acid (Fig. 5B) , and pipecolic acid (Fig. 5C) , involved in hormone, defense, and immune responses (Zhang et al., 2004; Návarová et al., 2012; Bernsdorff et al., 2016) . Moreover, gluconic acid, a precursor of the pentose-P pathway, was strongly increased (Fig. 5A) .
Under hypoxic conditions, 35S::D13RAP2.12 overexpression led to similar changes in metabolite levels as in normoxia (Fig. 5 , A-C; Supplemental Table S1 ), indicating that the role of oxygen-regulated RAP2.12 in controlling TCA cycle regulation, amino acid metabolism, and immune-regulatory metabolite levels will also extend to hypoxic conditions.
Overexpression of a Stabilized RAP2.12 Leads to Impaired Anoxic Resistance, Which Can Be Prevented by External Feeding of Suc
To investigate the effect of overexpression of a deregulated RAP2.12 on anoxic resistance, normoxic seedlings grown on agar plates containing no sugars or 30 mM Suc were subjected to anoxic conditions in the dark for 6.5 or 8 h, respectively, to analyze the percentage of surviving seedlings 1 week later. Without external sugar supply, overexpression of D13RAP2.12 led to decreased anoxic survival rates, while overexpression of RAP2.12 had the opposite effect (Fig. 7A) . To investigate whether the impaired anoxic resistance was due to the low levels of carbon reserves prevailing in 35S::D13RAP2.12 plants (see Fig. 5A ; Supplemental Table S1 ), anoxic survival experiments were performed with seedlings grown on agar plates containing 30 mM Suc. In 35S::D13RAP2.12 plants, external sugar supply led to a very strong increase in anoxic survival rates, reaching values similar to the wild type and close to 35S::RAP2.12 plants (Fig. 3A) . The dependency of anoxic survival rates on carbohydrate availability was confirmed by analyzing starch levels in the seedlings (Fig. 7B ). This indicates low levels of carbon reserves to be the most likely reason for impaired anoxic resistance in 35S::D13RAP2.12 plants. Figure 5 . Overexpression of the N-end-rule-insensitive D13RAP2.12 transcription factor under the control of the 35S promoter leads to severe changes in metabolite profiles. Metabolite levels from whole rosettes of 5-week-old wild-type, RAP2.12, and D13RAP2.12-overexpressing plants sampled after 16 h incubation in normoxia or hypoxia in the absence of sugars in the dark are visualized using the following VANTED diagrams: A, Carbohydrate metabolism and pentose P-pathway; B, glycolysis, fermentation, Ser, and shikimate pathways; and C, tricarboxylic acid cycle, Asp, and Glu metabolism. Results are means 6 SE (n = 8-10 biological replicates) and are expressed as arbitrary values; the scaling of the y axis was therefore omitted. Values of the different genotypes that significantly differ from each other within one oxygen treatment are indicated by different letters (according to one-way ANOVA test, P , 0.05). Metabolite ratios are shown in boxes with gray background color. In Supplemental Table S1 , the complete metabolite profile is shown together with a statistical analysis of the data. Growth of plants and rosette stage analyzed was similar as in Fig. 2 . WT, Wild type.
DISCUSSION
Expression of anoxic genes is regulated by proteasomemediated proteolysis of ERF-VII transcription factors via the oxygen-dependent branch of the N-end-rule pathway (Gibbs et al., 2011 , Licausi et al., 2011c . Protein stability of the ERF-VII family member RAP2.12 has been found to be strictly dependent on the oxygen concentration, being increased when oxygen is decreasing from 21 to below 10% (v/v; Kosmacz et al., 2015) . While research into RAP2.12 mainly focused on its role to regulate anoxic gene expression, little is known on the impact of this oxygen-sensing system in regulating plant metabolism and growth. By comparing plants overexpressing N-end-rule-sensitive and -insensitive forms of RAP2.12, this article provides evidence that oxygen-regulated RAP2.12 stabilization plays important roles in (1) preventing aerobic fermentation, (2) regulating central metabolic processes, (3) modifying the levels of immuneregulatory metabolites, and (4) sustaining growth, development, and anoxic resistance of plants.
Oxygen Regulation of RAP2.12 Stabilization Is Indispensable to Prevent Aerobic Fermentation and the Associated Reduction in Plant Growth
The results presented in Figures 2-5 demonstrate that overexpression of an N-end-rule-insensitive form of RAP2.12 leads to induced expression of anoxic genes, increased activities of fermentative enzymes, and increased accumulation of fermentation products, such as ethanol, lactate, Ala, and GABA already under normoxic conditions, while these effects failed to appear after overexpression of an N-end-rule-sensitive form of RAP2.12. The induction of aerobic fermentation was accompanied by increased pyruvate levels (Fig. 5) , decreased adenylate energy states (Fig. 6 ), decreased levels of starch (Fig. 5) , and restricted plant growth (Fig. 1) . These results provide genetic evidence that RAP2.12 oxygen sensing plays an important role to prevent aerobic fermentation and the attendant losses in energy and carbon reserves, which ultimately lead to a reduction of plant growth. This demonstrates that constitutive up-regulation of fermentation is detrimental for plant growth, while conditional regulation of fermentation is essential for plants. Fermentation is an ancient metabolic process and has been found to be regulated by oxygen availability in most organisms.
There are a few exceptions where fermentation is regulated by sugars instead of oxygen to provide an additional metabolic capacity when sugar supply is increased. In baker's yeast (Saccharomyces cerevisiae), high Glc levels lead to the induction of ethanol fermentation under aerobic conditions (Wills 1990 ), while in plants, specific cell types, such as pollen grains, show elevated expression of PDC and ADH and flux through the ethanol fermentation pathway in response to sugar supply (Bucher et al., 1995; Tadege et al., 1997 Tadege et al., , 1999 . Although little is known on the regulatory processes leading to aerobic fermentation in these specific cell types, it will require oxygen-sensing mechanisms to be attenuated or to be modified by other signals, which may be linked to sugar sensing.
Deregulation of RAP2.12 Causes Impaired Anoxic Resistance Depending on the Availability of Carbohydrate Reserves
Overexpression of RAP2.12 has been found to lead to improved anoxic survival rates in previous studies (Licausi et al., 2011c; Gibbs et al., 2011) . The data presented in Figure 7 show that overexpression of an N-endrule-insensitive form of RAP2.12 leads to a decrease in anoxic resistance, which can be prevented by external Suc supply. This provides a possible explanation for the opposing results of previous studies. In Licausi et al. (2011c) , 35S::D13RAP2.12 overexpressors as well as ate1ate2 and prt6 mutants of the N-end-rule pathway were grown on soil without sugars and revealed decreased anoxic resistance, while in Gibbs et al. (2011) ate1ate2 and prt6 mutants were grown on agar plates including sugars and revealed increased anoxic resistance. However, this does not rule out that also other reasons, such as light conditions and air humidity, can account for the contrasting effects in anoxic resistance of these two different studies (Riber et al., 2015) . Taken together, these data support the suggestion that hypoxic tolerance depends to a great extent on the availability of carbohydrate reserves for fermentative metabolism. Constitutive up-regulation of fermentation upon normoxic conditions, such as in the 35S::D13RAP2.12 line, leads to depletion of starch, and concomitantly to a poor survival potential upon hypoxic stress.
Oxygen Regulation of RAP2.12 Stabilization Regulates Respiration, TCA Cycle, and Amino Acid Metabolism
The comparison of plants overexpressing N-end-rulesensitive and -insensitive RAP2.12 proteins also points to a role of this oxygen-sensing mechanism in regulating central metabolic processes in plants (Fig. 8) . Under normoxic conditions, N-end-rule-insensitive versussensitive RAP2.12 overexpression led to an inhibition of respiration (Fig. 4B) ; an accumulation of pyruvate, citrate, and malate; and an increase in the succinate/ fumarate ratio (Fig. 5) , indicating a down-regulation of Figure 7 . Overexpression of the N-end-rule-insensitive D13RAP2.12 transcription factor under the control of the 35S promoter leads to decreased anoxic survival rates, which can be prevented by external feeding of 30 mM Suc. A, Seedlings of 1-week-old wild-type, RAP2.12, and D13RAP2.12-overexpressing plants grown on MS medium with (+) or without (2) 30 mM Suc were exposed to anoxic conditions for 6.5 and 8 h, respectively, before survival rates were measured 1 week later. B, To put the data into context, starch levels were measured in the shoots of the seedlings at the time point of transfer to anoxic conditions (2 h into the photoperiod). Results are means 6 SE (n = 10 different sets of plants for survival rates or 5-6 for starch levels). Values of the different genotypes that significantly differ from each other are indicated by different letters (according to one-way ANOVA test, P , 0.05). WT, Wild type.
the TCA cycle by inhibiting SDH. Moreover, the levels of GABA were strongly increased, indicating an activation of the GABA shunt. These alterations in respiratory metabolism resemble the metabolic changes that have been found to occur in response to a decrease in oxygen concentrations in previous work (Geigenberger et al., 2000; van Dongen et al., 2009; Narsai et al., 2011; António et al., 2016) . As shown in previous studies, a decrease in internal oxygen concentration in roots, tubers, and other plant tissues leads to an adaptive inhibition of respiration as a proactive response to decrease oxygen consumption and prevent the tissue to drive into anoxia (Geigenberger et al., 2000; Zabalza et al., 2009; Geigenberger, 2014) . Because inhibition of respiration occurs at oxygen concentrations well above the K m (oxygen) of cytochrome oxidase, an oxygen-sensing mechanism has been suggested to be involved (Geigenberger et al., 2000; Zabalza et al., 2009; Gupta et al., 2009) . While the nature of this oxygen-sensing mechanism is unclear, decreased respiration rates and associated changes in the levels of TCA cycle intermediates in response to 35S::D13RAP2.12 overexpression implies a possible link between RAP2.12-mediated oxygen sensing and the regulation of respiration, although it cannot be excluded that this is due to indirect effects. Further metabolic studies will be necessary, such as stable isotope-labeling experiments to evaluate flux of pyruvate, Glu or other metabolites, to better understand the basis of the observed decrease in respiration.
Under both normoxic and hypoxic conditions, the D13RAP2.12-induced increases in the succinate/fumarate ratio, Ala levels, and GABA shunt (Fig. 5) are indicative of a possible role of RAP2.12-mediated oxygen sensing in controlling the bifurcation of the TCA cycle by inhibiting SDH (Fig. 8) . In previous studies it was already concluded from metabolome profiling analysis that the TCA cycle bifurcates in a parallel oxidative and reductive pathway during low oxygen stress (Rocha et al., 2010) , while 13 C-labeling experiments were able to show recently that this modification of the TCA modus is mediated by the inhibition of SDH and the activation the GABA shunt (António et al., 2016) . In confirmation to this, characteristic low-oxygen-induced changes in the levels of succinate, fumarate, and GABA have been found in various studies with different plant tissues (Narsai et al., 2011) , although it remained unclear how the regulation of the TCA cycle reactions is controlled. The results of this article indicate that oxygen-regulated RAP2.12 stabilization participates in the control of the flux-modus of the TCA cycle, probably by regulating the overall abundance of AlaAT and SDH activities. In confirmation to this, AlaAT1 and AlaAT2 mRNA levels (Fig. 2, C and D) as well as extractable overall AlaAT enzyme activities (Fig. 3D) were found to be increased in response to 35S::D13RAP2.12 overexpression.
Oxygen Regulation of RAP2.12 Stabilization Regulates the Levels of Immune-Regulatory Metabolites
Under both normoxia and hypoxia, overexpression of D13RAP2.12 led to strong increases in the levels of a large number of amino acids, including Phe, Trp, and Lys. This was accompanied by severe increases in the levels of immune-regulatory metabolites such as salicylic acid glucoside (derives from Phe), picolinic acid (derives from Trp), and pipecolic acid (derives from Lys), the latter showing a 10-fold increase ( Fig. 5 ; Supplemental Table S1 ). Pipecolic acid has been found in previous studies as an endogenous mediator to orchestrate plant systemic required resistance and defense priming via salicylic acid-dependent and independent pathways in Arabidopsis (Návarová et al., 2012; Bernsdorff et al., 2016) , while picolinic acid was found to stimulate defense responses and disease resistance in rice (Zhang et al., 2004) . Interestingly, overexpression of RAP2.2-a member of ERF-VII transcription factors and a close homolog of RAP2.12 with similar functions (Gasch et al., 2016 )-has been found to lead to increased disease resistance in Arabidopsis plants (Zhao et al., 2012) . More studies are needed to resolve the role of immune regulatory metabolites in this context.
CONCLUSION
Recently, an oxygen-sensing system has been identified that leads to changes in the stability of the transcription factor RAP2.12, which regulates hypoxic gene expression and adaptation of Arabidopsis plants to low Figure 8 . Summary model of RAP2.12 regulation of plant metabolism based on the results of this work. When oxygen falls to concentrations below 10% (v/v), the transcription factor RAP2.12 is stabilized and moves to the nucleus to activate the expression of specific genes (Kosmacz et al., 2015) . First, mRNA levels and enzyme activities of AlaAT are increased, resulting in increased levels of Ala and g-amino butyrate and associated changes in the flux modus of the TCA cycle, including an inhibition of succinate dehydrogenase, which finally leads to an inhibition of respiration. The precise mechanism of RAP2.12 regulation of AlaAT expression has not been clarified yet. Second, mRNA levels and enzyme activities of ADH, PDC, and LDH are increased, resulting in elevated rates of ethanol and lactate fermentation. In Arabidopsis plants overexpressing a deregulated (constitutively stabilized) RAP2.12, these metabolic changes are also observed under normoxic conditions, leading to decreased growth and anoxic stress resistance. Green = promoting effects; red = inhibiting effects; dotted arrow = precise mechanism is not known yet.
oxygen (Licausi et al., 2011c; Kosmacz et al., 2015) . There is likely genetic redundancy in function of RAP2.2 and RAP2.12, as indicated in the study by Gasch et al. (2016) . In this article, we show that operation of this oxygen-sensing system is indispensable to optimize metabolic performance and plant growth under normoxic as well as under hypoxic conditions. We provide direct evidence that conditional regulation of fermentation is necessary to prevent energy and carbon reserves to be wasted by aerobic fermentation. This is important to allow optimized growth under normoxic conditions as well as improved survival of anoxic stress conditions. Moreover, evidence is provided that oxygen sensing, mediated by RAP2.12 stabilization, regulates central metabolic processes, such as respiration, TCA cycle, and amino acid metabolism, as well as the levels of immune-regulatory metabolites.
MATERIALS AND METHODS
Plant Material
For most of the experiments, representative Arabidopsis (Arabidopsis thaliana) lines overexpressing RAP2.12 or D13RAP2.12 under control of the 35S CaMV promoter (characterized in Licausi et al., 2011c ) and the respective Columbia-0 (Col-0) wild type were grown for 5 weeks under short-day conditions (8 h in 160 mmol photons m 22 s 21 at 20°C and 16 h in 0 mmol photons m 22 s 21 at 16°C).
To do this, Arabidopsis seeds were surface-sterilized with 0.1% Tween 20 in 70% ethanol for 5 min, washed thoroughly with water one time, treated with 0.1% Tween 20 in 6% sodium hypochlorite for 5 min, and then washed thoroughly with water for five times again. For subsequent germination, seeds were grown vertically on plates containing 2% agar in 1/2 MS medium (pH 5.7) without sugars for 1 week, before they were transferred to potting soil (Stender) for another 4 weeks. For treatment with different oxygen concentrations, 5-week-old plants were exposed to a stream of air containing 21% (normoxia) or 1% (v/v) oxygen (hypoxia), supplemental with N and 350 ppm CO 2 , for 16 h in the dark, unless indicated otherwise in the figure legends. This duration coincided with the dark phase to which the plants were acclimated to in the growth chamber. To analyze anoxic resistance, plants were grown for 1 week in horizontal agar plates containing 0.8% agar in 1/2 MS medium (pH 5.7) with 30 mM Suc or without Suc under long-day conditions (16 h in 100 mmol photons m 22 s 21 and 8 h in 0 mmol photons m 22 s 21 ), before they were subjected to anoxia for 8 or 6.5 h, respectively, by exposing to a stream of air containing zero oxygen. Plants were harvested immediately after the respective treatment by freezing whole rosettes in liquid N. The deep-frozen rosette material was then powdered in a liquid-N cooled ball mill (MM400; Retsch) and subsequently stored at 280°C for further analysis of RNA, enzyme activities, and metabolite levels.
Developmental Analysis
Every 3 to 4 d, the developmental stage of plants growing under short-day conditions on soil (8-h d at 160 mmol photons m 22 s 21 and a constant temperature of 20°C) was determined according to the BBCH-scale (Hess et al., 1997) . Additionally, the rosette fresh weight was recorded after 3, 4, and 5 weeks. All investigations referred to the vegetative state of plants exclusively.
Analysis of mRNA Levels of Anoxic Marker Genes by Quantitative Real Time PCR
RNA was extracted from 50 mg of frozen plant powder using the RNeasy plant mini kit (Qiagen) according to the manufacturer's instructions. cDNA synthesis was performed with 500 ng RNA using the iScript cDNA synthesis kit (Bio-Rad) according to the manufacturer's instructions, to a final volume of 30 mL. The cDNA was diluted 1:10 before 2 mL was added using the QuantiFast SYBR green kit (Bio-Rad) according to the manufacturer's instructions. With the IQ5 Reader (Bio-Rad), quantitative real time PCR was carried out for the housekeeping gene RCE1 (AT4G36800) and the hypoxia-responsive genes ADH1 (AT1G77120), PDC1 (AT4G33070), HB1 (AT2G16060), SUS4 (AT3G43190), RAP2.12 (AT1G53910), AlaAT1 (AT1G17290), and AlaAT2 (AT1G72330) using the following primers: RCE1 FW (59-CTGTTCACGGAACCCAATTC-39), RCE1 RV (59-GGAAAAAGGTCTGACCGACA-39), ADH1 FW (59-TATTCGATGCAAA-GCTGCTGTG-39), ADH1 RV (59-CGAACTTCGTGTTTCTGCGGT-39), PDC1 FW (59-CGATTATGGCACTAACCGGATT-39), PDC1 RV (59-TGTTCACCACCG-CCTGATAAC-39), HB1 FW (59-TTTGAGGTGGCCAAGTATGCA-39), HB1 RV (59-TGATCATAAGCCTGACCCCAA-39), SUS4 FW (59-CGCAGAACGTGTAA-TAACGCG-39), SUS4 RV (59-CAACCCTTGAGAGCAAAGCAAA-39), RAP2.12 FW (59-CGCTGCGGAAGGTTCAGTT-39), RAP2.12 RV (59-CAGCCCATT-TTCCCCAAGGA-39), AlaAT1 FW (59-GTCAAATTCTTGCTAGCC-39), AlaAT1 RV (59-CCCTCTAGCTTGTTCAGA-39), AlaAT2 FW (59-GTCAAATTCTTGC-TAGCC-39), and AlaAT2 RV (59-TAAACTGTTGAGAGCGTC-39). Relative quantification of gene expression was calculated according to Pfaffl (2001) with data normalized to the wild type at normoxia.
Analysis of Enzyme Activities
For enzyme activity determination of ADH, PDC, and AlaAT, the protein extraction buffer consisted of 50 mM HEPES/KOH (pH 7.4), 5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 0.1% Triton X100, 10% glycerol, 2 mM benzamidine, 2 mM «-aminocapronic acid, 5 mM DTT, 0.5% Protease Inhibitor Cocktail (Roche), and 1 mM PMSF. The extraction buffer for LDH activity determination had the same composition, except for benzamidine, «-aminocapronic acid, and DTT, which were not included. The determination of ADH activity was done according to John and Greenway (1976) . Therefore, 20 mg of frozen plant powder were extracted with 200 mL extraction buffer and 30 mL of the resulting supernatant were mixed with 170 mL reaction buffer consisting of 50 mM Bicine/KOH (pH 8.8), 5 mM MgCl 2 , and 1 mM NAD + . After addition of 1 mL 100% ethanol, the NADH production was measured photometrically at 340 nm. PDC and LDH activity measurements were performed according to Bouny and Saglio (1996) , with extraction of 20 mg frozen plant powder in 500 mL extraction buffer for PDC activity determination, and in 300 mL extraction buffer for LDH activity quantification. In each case, 30 mL amounts of the supernatant were mixed with 170 mL reaction buffer for measurement. For PDC, the reaction mix contained 100 mM Tricine/KOH (pH 6.5), 2 mM MgCl 2 , 25 mM oxamate, 0.1 mM DTT, 0.1 mM thiamine pyrophosphate, 0.15 mM NADH, and 300 U mL 21 ADH. For LDH, the reaction buffer consisted of 100 mM Tricine/KOH (pH 7.5), 100 mM pyrazole, 10 mM potassium cyanide, and 0.15 mM NADH. After addition of 2 mM pyruvate the consumption of NADH was measured photometrically at 340 nm to measure PDC or LDH activity, respectively. The determination of AlaAT activity was done according to Hatch and Mau (1973) . Therefore, 10 mg of frozen plant powder was extracted with 1 mL extraction buffer and 30 mL of the resulting supernatant were mixed with 170 mL reaction buffer consisting of 50 mM HEPES/KOH (pH 7.5), 2 mM EDTA, 10 mM L-Ala, 0.04 mM pyridoxal-5-P, 0.2 mM NADH, and 5.9 U mL 21 LDH. After addition of 0.5 mM a-ketoglutarate, the consumption of NADH was measured photometrically at 340 mm.
Analysis of Starch Content and Metabolite Levels
The determination of starch was done according to Hendriks et al. (2003) . Twenty milligrams of frozen plant powder were extracted two times with 250 mL 80% ethanol and one time with 250 mL 50% ethanol. After each ethanol addition step, the samples were heated for 30 min at 90°C, cooled down to room temperature and the supernatant was discarded. After ethanol extraction, the pellets were vacuum-dried at 30°C for 40 min, resuspended in 400 mL 100 mM NaOH, and heated to 95°C for 1 h shaking at 1400 rpm, followed by neutralization with 500 mM HCl and 100 mM acetate/ NaOH (pH 4.9). Forty microliters of the extract were digested for 16 h at 37°C with 110 mL starch degradation mix containing 50 mM acetate/NaOH (pH 4.9), 3 U mL 21 amyloglucosidase, and 4 U mL 2 1 a-amylase. Fifty microliters of the supernatant was added to 160 mL Glc determination mix consisting of 100 mM HEPES/KOH (pH 7), 3 mM MgCl 2 , 3 mM ATP, 1.4 mM NADP, and 3.4 U mL 2 1 Glc-6-P dehydrogenase (G6PDH), and NADPH production was measured photometrically at 340 nm after addition of 2.4 U mL 2 1 hexokinase.
The extraction of pyridine nucleotides was performed as described in Hajirezaei et al. (2002) . Twenty milligrams of frozen plant powder were extracted with 250 mL 100 mM HClO 4 (NADP + ) or 100 mM KOH (NADPH). The supernatant was heated to 95°C for 2 min, followed by addition of an equal 
